Introduction
Lead exposure causes detrimental health effects, especially among susceptible populations 1 . Exposure to lead is associated with multiple sources (batteries, industrial processes, paint, water pipes, welding, and gasoline) and pathways (dust, soil, food, and air) 2 . The main route of absorption in children is digestive, due to their hand-to-mouth behavior, making house dust and soil important sources of exposure 3 . Lead is broadly distributed in the environment; its natural concentration in soil is less than 50ppm 4 . However, in areas near mining and smelting sites, soil lead levels can range between 100 and 11,000ppm. The severity of soil pollution depends on multiple factors including weather, topography, and the specific industrial production 5, 6, 7 . Studies have shown that blood lead levels in children are related to soil lead concentration 8, 9, 10 . For each 1,000ppm of lead concentration in the soil, the blood lead level typically increases 3-7μg/dL 4, 11 .
Antofagasta is a flat coastal city located in the north of Chile. For decades, Antofagasta has been the shipping port for minerals with lead content which come from Bolivia by railroad. The combination of uncovered mineral storage and the location of densely populated areas nearby has resulted in high exposure to lead through soil and air contamination among children living near the storage site 12 . In 1998, children living 400m around the mineral storage site at the railroad yard were evaluated for blood lead. The median blood lead level concentration was 8.7μg/dL (range 1 to 42μg/dL) and the main risk factor of having blood lead levels greater than 7.0μg/dL was living less than 400m from the mineral storage site [odds ratio (OR) 24.85; 95% confidence interval (95%CI) 5.5-112.1] 13 .
Based on this data, at the end of 1998, Antofagasta's Health Service took measures to reduce exposure, including relocation of the storage site to a less populated area, an educational campaign focused on preventive measures in residential areas, and removal of a layer of soil in the houses nearest to the mineral storage site 13 . After these measures, no samples of soil or blood were collected to determine lead levels. Therefore, the effectiveness of the measures implemented by the Antofagasta Health Service is unknown.
In 2005, 44% of the 1998 cohort was re-evaluated (n = 192). In this sample (n = 192) it was reported that 33.8% (n = 65) had changed their residence within the urban area of Antofagasta after 1998 14 . The results showed a median blood lead level of 3.2μg/dL (interquartile range -IQR: 2.0-4.3μg/dL], however children who remained living in the same addresses had greater blood lead levels (3.3μg/dL; IQR: 2.1-4.8μg/dL) compared with children who moved after 1998 (2.9μg/ dL; IQR: 1.8-3.5μg/dL). These results suggested that the old mineral storage site was still a source of lead exposure. To test this hypothesis we conducted a new study to determine the association between children's blood lead levels measured in 2005 and residential proximity to the old mineral storage site.
Materials and methods
Design and study population This is a cross-sectional study that was conducted in 2008 to determine the association between children's blood lead level measured in 2005 and the distance from the children's residence to the old mineral storage site in 2005. The study sample was restricted to children who participated in the 2005 study. These children in 1998 lived within 400m of the mineral storage site. In 2005, the Antofagasta Health Service provided us with the names, addresses, and blood lead levels of children who participated in the 1998 study. We visited them, and we were able to locate and enroll 192 children 14 . Of these, 7 were excluded from this analysis because their addresses were not successfully geocoded in the map.
Outcome variable
The outcome variable was the blood lead concentration measured in 2005. The sample collection method has been detailed elsewhere 14 . Briefly, blood samples were collected by a trained nurse via a finger-prick. Samples were stored at 4°C and were sent to the laboratory of environmental chemistry of the Metropolitan Health Service. Samples were analyzed within 48 hours by Anodic stripping voltammetry technique (ESA Laboratories, Chelmsford, USA), a method used in previous studies 9, 15, 16, 17, 18, 19 . This technique uses a device which measure blood lead concentrations between 1 to 65μg/dL and was previously validated in Chile obtaining a correlation coefficient of 0.82 compared with the gold standard 20 .
Exposure variable
The exposure variable was the distance between the children's address registered in 2005 and the old mineral storage site. To assess the distance, the area of storage site was identified through a photogrammetric model in a 1:5,000 scale. Using
Cad. Saúde Pública, Rio de Janeiro, 32(4):e00023515, abr, 2016 a Geographic Information System (GIS), the area was geocoded and its surface and central point were determined. The 185 residential addresses for each child were geocoded as well. Finally, the distance (meters) between the central point of the storage site and each residential addresses were estimated (Figure 1 ). Figure 1 Distance between current residence and the old mineral storage site. Antofagasta, Chile.
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Covariates
Information about covariates was obtained through a questionnaire given to the parents in 2005. Information collected included data on age, sex, maternal education, number of household members, number of siblings, ownership of household items, home ownership, type of school attended by the children and change of residence after 1998.
Environmental samples
In order to explore soil and dust lead concentrations near to the old mineral storage site, we collected soil (n = 13) and dust samples (n = 13). The samples were taken in three concentric rings circling the old mineral storage location. These rings included an internal one 200m from the storage site, a central one 400m from the site storage, and an external one 600m from the site. Additionally, two control samples (of soil and dust) were collected outside the urban area of Antofagasta, where the concentration of lead was assumed not to be associated with the old mineral storage site. The soil samples were taken in a demarcated area of 1m 2 . A clean steel shovel was used to extract 2cm of superficial soil that was then deposited in a plastic container. The soil was then mixed and a 300g sample was taken from the mixture. Dust samples were taken from the roof of the residence where precipitated dust tends to accumulate. Both types of samples were stored in plastic and hermetic bags and protected from sunlight and humidity. Lead levels in the environmental samples were measured by an inductively coupled plasma atomic emission spectroscopy (ICP-AES) technique in the Geochemical Laboratory of the Geology Department of University of Chile.
Statistical analysis
The main outcome variable was blood lead levels in 2005; these were log-transformed for normality. Simple and multiple linear regression models were fitted for blood lead levels and the distance between the children's residential address and the old mineral storage site, with distance used as the continuous variable. The variables associated with blood lead levels with a p-value ≤ 0.05, were retained for the final model; these included age, sex, blood lead levels in 1998 and maternal education (years). Blood lead levels in 1998 were included because we wished to determine whether distance from the 2005 residence to the storage site was still associated with blood lead levels in 2005, after taking into account levels at the time the storage site was moved in 1998.
Regression diagnostics to evaluate multicollinearity, homoscedasticity and normality of residuals were explored in fitting the final multivariate models. Multicollinearity between the predictor variables was assessed by using the variance inflation factor (VIF), and was absent in final models. Homoscedasticity was determined by the White test 21 and showed that the variance of residuals were constant. Finally, assessment of distribution of residuals demonstrated a normal distribution. Analyses of the data were performed using Stata 10.0 statistical software (StataCorp LP, College Station, USA).
The study was approved by the Ethics Research Committee of the Faculty of Medicine at the University of Chile.
Results
The median age of the study subjects was 12 years in 2005, and the proportion of male and female participants were roughly the same. The majority of subjects attended public schools (58.7%). All parents had an education of over 12 years; and a high proportion of the families (51%) were homeowners (Table 1) .
In 2005, 67.6% of the study sample lived in the same residential addresses registered in 1998 (Table 1 ) and among those who changed their residential addresses (n = 60) 10% reported that the main reason for moving was to decrease their lead exposure.
Blood lead levels and demographic covariates
The children who participated in the study (n = 185) had a median blood lead level of 3.3μg/dL (2.0-4.3) in 2005. Lower blood lead levels were observed in girls compared to boys, in older children, in children who attended private schools compared to those who attended public schools, in children of mothers with lower level of education, and in children who had moved from their houses after 1998 (3.0μg/dL) compared to those who remained living in the same place (3.4μg/ dL) ( Table 2) .
Distance
The median distance between the central point of the storage site and each of the 185 residential addresses was 572.6 meters (IQR: 340.8-1,036.5). Within the group who changed their residential address (n = 60), the median distance between the new residence and the storage site was 2,041 meters (IQR: 460.5-4,731.2). On the other hand, Table 1 Children's and families' characteristics. the median distance in the group who remained living in the same residence as in 1998 (n = 125) was 465.1m (IQR: 284.4-664.4).
Median
Association between blood lead levels and distance
Simple linear regression models were used to identify the variables related with blood lead levels in 2005. In the crude analysis an inverse and significant association was identified between the blood lead levels in 2005 and the residential distance to the old mineral storage site ( Table  3 ). The 2.5% of the variance of blood lead levels measured in 2005 correspond to distance. Sex, age, blood lead levels in 1998, maternal education, number of household members, ownership of household items, home ownership, and type of school attended by the children were the variables that showed a statistically significant association with the blood lead level in 2005 (p-value < 0.05). Because the variables measuring socioeconomic status were closely related (p-value = 0.0001), we chose to use only maternal education (the strongest predictor among the socioeconomic variables) as a proxy of socioeconomic status. Thus, in the final model the variables included were residential distance to the old mineral storage site, age, sex, blood lead levels in 1998, and maternal education. An inverse and significant association was identified between the blood lead levels in 2005 and the residential distance in meters to the old mineral storage site (β = -0.04; p-value = 0.042) ( Table 3 ). The variables included in the model together explain 29% of the variance of blood lead levels measured in 2005.
Environmental samples
As noted above, soil and dust samples were geocoded in concentric three ring formations circling the old mineral storage site, with the aim of exploring soil and dust lead concentrations related to the potential residual pollution of the IQR: interquartile range. Table 3 Association between blood lead levels (µg/dL) and distance between residence and the old mineral storage site in children aged 7-16 years.
Variable ß ± SE 95%CI
Distance ( environment. The median of the dust samples was 1,300ppm (IQR: 637-1,600), with a minimum of 173ppm and a maximum of 3,758ppm. 54% of the samples (n = 7) evaluated exceeded the international norm of 1,200ppm in precipitated dust 22 . The samples of soil showed a median of 132ppm (IQR: 88-227), with a minimum of 57ppm and a maximum of 1,006ppm. 15.4% of the samples (n = 2) exceeded the international norm of 400ppm in soil 22 . A relationship between lead concentration and the distance to the old mineral storage site was observed. Lower lead concentrations were found in dust and soil samples at greater distances (Table 4) . The median lead concentration in the dust samples was more than nine times greater than the concentration found in the control samples, while for the soil samples it was three times higher.
Discussion
These results, based on soil and dust samples, clearly indicate that the area surrounding the old mineral storage site is still contaminated with lead. 54% of dust samples exceeded the international norms of 1,200ppm and 15.4% of soil samples exceeded the international norm of 400 ppm 22 . For both cases, a decreasing lead level was found as the samples were taken further from the old mineral storage site.
These results are consistent with studies reporting that when lead falls into the soil, it strongly sticks to the soil particles and is retained in the most superficial portion of soil. The lead then remains in the environment due to its properties of non-biodegradation 4, 5, 6, 23 . Moreover, the weather conditions in Antofagasta may increase the persistence of lead because the mean annual precipitation is less than 5mm, preventing the upper soil from being washed away.
We found that, even after removal of the lead storage in 1998, and adjusting for children's blood lead in 1998, distance from the old storage sites was inversely and significantly associated with children's blood lead measured in 2005. These results indicate that the lead exposure continued in children after removal of the storage site, presumably from soil and dust. The results in the present research correspond with a number of studies carried out previously 6, 8, 18 . However, those studies are of lead sources with ongoing exposure, in contrast to our study that shows that even after the removal of the source of exposure, exposure continues. One of these studies, conducted in North Lake Macquarie, Australia, used the same GIS procedure to correlate blood lead levels with the distance of a lead contaminated source (a foundry). The study reported the presence of an inverse and significant relationship between blood lead level in children aged 1 to 3 and the distance to the foundry. A blood lead level decrease of 3.08μg/dL was estimated for each kilometer of distance from the foundry 8 . Similar results regarding distance from a lead source were found in the metropolitan areas of Callao and Lima, Peru 18 .
Other studies have shown that even without a point source of lead pollution, exposure is related to dust lead levels, as in the research conducted by Lanphear et al. 19 in Cincinnati, Ohio, United States. In the latter, the research team evaluated indoor lead pollution and blood lead levels in children aged 12 to 31 months. These authors indicated that lead-contaminating floor dust, rental status and housing conditions were housing characteristics that were associated with blood lead levels higher than 10μg/dL 19 .
The results of our study show that, although mitigation measures conducted by the health authorities after 1998 were able to reduce lead exposure, they were probably not enough. Further studies measuring soil and blood samples in children born after removal of the storage site may have helped to identify if lead exposure was still present.
Study limitations
In our study, the residential distribution was not representative; as shown in Figure 1 , most of the sample lived near the storage site. A random selection of the study population would have been preferable. Nonetheless, despite the low variability in the distance, an inverse and significant association was found between blood lead levels and the residential distance to the old mineral storage site. A second limitation is the age of the subjects. Children in our study had a median age of 12 years with a range of 7 to 16 years. The literature has shown that at younger ages (2-4 years old), children have an increased risk of higher blood lead concentration mainly due to physiological and behavioral factors 16 . Once lead enters the body, children absorb more of it, attaining higher blood lead levels compared with adults with the same ingestion. Considering this physiologic susceptibility, it is possible that the inclusion of younger children in new studies could raise the median blood lead concentration found in the study. If this were the case, it is unlikely that the magnitude of the association between blood lead level measured in 2005 and distance to the old mineral storage site would have changed.
Time of exposure is another factor to consider. While blood lead levels have shown to be a good biomarker of short term exposure, some studies describe the auto-intoxication created by the endogenous release of lead from bones 16 . This suggests that current blood lead concentration may in part be due to osteolysis in Table 4 Lead concentration (ppm) in dust and soil samples in relation to proximity to the old mineral storage site.
Type of sample
Median (minimum-maximum) addition to environmental exposure. Although we adjusted for blood lead levels in 1998, it might have been preferable to evaluate a sample with children born after 1998, which could help to distinguish between later exposure and exposure before removal from the storage site.
Strengths
A particular strength is the use of GIS as a tool applied to epidemiology, which at the time of the study had been little used in Chile. The use of this methodology allowed us to measure the exposure variable (distance) more accurately and identify a range of possible values. This makes it possible to diminish misclassification bias that would result from the use of a dichotomous exposure variable such as change of address. In fact the relationship between blood lead concentration in 2005 and change of address was not significant (p-value = 0.127) whereas with distance was significant (p-value = 0.029).
Conclusions
The present study shows an inverse association between blood lead levels in 2005 and the distance between the housing and the mineral storage site where lead was stored before 1998. This association, together with the result of the environmental samples, indicates that this zone is still a source of lead exposure. New studies need to be conducted to evaluate the current blood lead levels in children born after the mineral storage site was removed in 1998. In addition, an environmental study should be conducted to evaluate possible new measures such as cleaning the contaminated zone as well as houses surrounding the old mineral storage site. 
